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ABSTRACT 
This project focused on the influence of perinatal anoxia and adolescent stress on 
the adult locomotor response of rats to psychostimulants.  Epidemiological evidence 
suggests that obstetric complications can increase the risk for mental disorders including 
schizophrenia and that early onset schizophrenia may be precipitated by stress during 
adolescence.  Taken together we hypothesized that these insults during two crucial 
periods of brain maturation may manifest developmental alterations in dopamine (DA) 
function evident only at adulthood.  Thus, I investigated the influence of perinatal anoxia 
and chronic unpredictable adolescent stress (CUAS) on the adult locomotor response to 
amphetamine (AMPH) and cocaine (COC).  In Study 1 I found that perinatal anoxia alone 
did not affect the adult locomotor response to AMPH however caesarean birth alone 
enhanced the adult locomotor response to both acute and repeated COC administration.  
In Study 2 I found that CUAS following perinatal anoxia did not affect the adult 
locomotor response to AMPH but enhanced the adult locomotor response to acute COC 
administration and resulted in a sensitized response to repeated COC administration not 
seen in animals born vaginally or by caesarean birth.  These studies demonstrate that 
caesarean birth alone or with an added period of anoxia interact differently with CUAS 
enhancing the adult locomotor response to COC but not to AMPH. 
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RÉSUMÉ 
Ce projet porte sur l'influence de l'anoxie périnatale suivie par le stress en 
adolescence sur la réponse locomotrice de rats adultes à la suite de l’introduction de 
psychostimulants. Les données épidémiologiques suggèrent que les complications 
obstétricales peuvent augmenter le risque de désordres mentaux, y compris la 
schizophrénie, et que la schizophrénie précoce peut être déclenchée par le stress durant 
l'adolescence. Étant donné ces faits, nous avons pris comme hypothèse que ces atteintes 
au cours de deux périodes cruciales de la maturation du cerveau pourraient se manifester 
dans des altérations développementales du fonctionnement de la dopamine (DA) qui ne 
seraient évidentes qu'à l'âge adulte. Ainsi, j'ai étudié l'influence de l'anoxie périnatale 
suivie par le stress chronique imprévisible en adolescence (CUAS) sur la réponse 
locomotrice à l'amphétamine (AMPH) et à la cocaïne (COC) à l'âge adulte. Dans la 
première étude, j'ai constaté que l'anoxie périnatale seule n'affecte pas la réponse 
locomotrice adulte à l’AMPH, cependant naître d’une césarienne a augmenté 
indépendamment la réponse locomotrice des adultes à l'administration aiguë et répétée de 
la COC. Dans la deuxième étude, j'ai constaté que le traitement CUAS suivant l’anoxie 
périnatale n'a pas affecté la réponse locomotrice adulte à l’AMPH mais a augmenté la 
réponse locomotrice adulte suite à l’administration aiguë de la COC, et en plus, a abouti à 
une réponse sensibilisée à l'administration répétée de la COC qui n’a pas été vue chez les 
animaux nés par voie vaginale ou par césarienne. Ces études démontrent que la naissance 
par césarienne seule et avec une période d'anoxie interagit différemment avec le 
traitement CUAS et produit une réponse locomotrice adulte augmentée à la COC, mais 
pas à l’AMPH. 
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GENERAL INTRODUCTION 
The time shortly after parturition and the life stage of adolescence are both critical 
periods of brain development.  These periods are characterized by cell migration and 
extensive overproduction and pruning of synapses, thus re-arrangement that leaves the 
brain particularly vulnerable to insult.  The detrimental effects of insults, such as anoxia 
and stress, are most pronounced and long lasting during these periods (Andersen, 2003).  
A period of anoxia shortly after parturition (Brake, Boksa & Gratton, 1997b) and chronic 
stress during adolescence (Mathews, Mills & McCormick, 2008) have long lasting effects 
on mesocorticolimbic DA function resulting in an enhancement in the responsiveness to 
stress and psychostimulants at adulthood.  Since epidemiological evidence suggests that 
obstetric complications can increase the risk for mental disorders including schizophrenia 
(McNeil, Cantor-Graae & Ismail, 2000; Cannon, Jones & Murray, 2002) we hypothesized 
that in an animal model of obstetric complications, stress during adolescence would alter 
the developmental trajectory of the DA system, resulting in a robust increase in the adult 
locomotor response to psychostimulants compared to control animals born without 
complication. 
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REVIEW OF THE LITERATURE 
Schizophrenia 
Schizophrenia is a neurodevelopmental disorder characterized by disturbances in 
mental functions, emotions, and behaviour.  According to the DA theory of the disorder, 
patients with schizophrenia exhibit altered mesocorticolimbic DA function (Goldstein & 
Deutch, 1992).  Specifically, DA hypofunction in the prefrontal cortex (PFC) results in 
exaggerated striatal DA function (Weinberger, 1987; Deutch, 1992; Grace, 1993).  The 
psychotic symptoms of schizophrenia can be divided into positive, negative, and 
cognitive symptoms.  The negative symptoms of the disorder are correlated with the PFC 
hypofunction (Deutch, 1992) while the positive symptoms are correlated with the striatal 
hyperfunction (Deutch, 1992).  When exhibiting psychotic symptoms, patients with 
schizophrenia, show increased striatal DA synthesis (Lindström et al., 1999), enhanced 
DA release in response to AMPH  (Breier et al., 1997), and augmented levels of synaptic 
DA (Abi-Dargham et al., 2000).  While a large dose of psychostimulants has the ability to 
produce a brief psychotic reaction in most individuals, lower doses of psychostimulants 
have been shown to produce psychotic symptoms only in patients with schizophrenia 
(Lieberman, Kane & Alvir, 1987; Curran, Byrappa & McBride, 2004).  
Obstetric Complications 
While there is no doubt that there is a genetic component to the vulnerability of 
developing Schizophrenia, non-genetic or environmental factors may account for as much 
as 20-30% of the risk (Lewis & Levitt, 2002).  Epidemiological evidence suggests that 
one environmental factor which can increase the risk of developing schizophrenia is 
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obstetric complications (McNeil et al., 2000; Cannon et al., 2002).  The most convincing 
evidence for the role of obstetric complications in the aetiology of schizophrenia comes 
from studies of monozygotic twins discordant for schizophrenia that indicate the 
schizophrenic twin is more likely to have suffered birth complications compared to the 
healthy twin (McNeil, Cantor-Graae & Weinberger, 2000).  Further, a meta-analysis also 
indicates that obstetric complications are a risk factor for schizophrenia, more specifically 
the common denominator for the vast majority of obstetric complications may be a period 
of hypoxia (Geddes et al., 1999).  There are several factors during term births including 
but not limited to prolapsed umbilical cord, abnormal fetal position and prolonged labour 
which can lead to perinatal anoxia and clinical studies suggest that premature cortical 
synaptic pruning resulting from fetal hypoxia may be one factor responsible for 
precipitating the disorder (Rosso et al., 2000).   
PFC Anatomy 
The PFC is a functionally and anatomically heterogeneous structure implicated in 
cognitive processes that underlie goal-directed behaviours and self-control (Goldman-
Rakic, 1992).  By the end of the first week of life the adult characteristics of the 
topography of DA fibers in the PFC are already recognizable even though the cortex is 
not yet fully developed (Kalsbeek et al., 1988).  The rodent PFC can be anatomically 
divided into medial, lateral, and ventral regions. The medial PFC (mPFC) is further 
subdivided into dorsal and ventral regions (Kolb, 1984). The dorsal portion of the mPFC 
includes the precentral and anterior cingulate (ACg) cortex. The ventral portion includes 
the prelimbic (PrL), infralimbic (IL), and medial orbital cortex.  Each region of the PFC 
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has a distinct pattern of efferent and afferent projections (Gabbott, Warner, Jays, Salway, 
& Busby, 2005).  
PFC Development 
In rats, ventral tegmental area (VTA) DA neurons that innervate the PFC arrive at 
the developing primordial cortex earlier (Berger-Sweeney & Hohmann, 1997) and 
achieve their adult pattern of innervations later in development than other major cortical 
afferent systems (Kalsbeek et al., 1988).  In fact cortical DA projections only reach their 
adult patterns of innervations at approximately 2 months of age which is much later than 
both norepinephrine (NET) and serotonin (SER: Berger-Sweeney & Hohmann, 1997).  
The prolonged development of DA innervation in the PFC, compared to other cortical 
structures, may play a role in the late maturation of this structure resulting in a larger time 
window during which the PFC is plastic and therefore more vulnerable to the potential of 
exogenous insults to alter the course of the development (Kalsbeek et al., 1988; Berger-
Sweeney & Hohmann, 1997). 
The brain develops in a precisely timed series of overlapping steps.  First cells are 
generated, then migrate to their appropriate locations, differentiate to become a specific 
neuronal phenotype, and finally mature (Bayer, Altman, Russo & Zhang, 1993).  At the 
time of parturition in the rat neurogenesis is complete, however cell migration continues 
throughout the first week of life.  Cortical injury in the first few days of life results in a 
poorer functional outcome than a similar injury at any other point during development or 
adulthood (Kolb, Gibb & Gorny, 2000).  Kolb (1987) demonstrated that frontal cortex 
injuries during the first days of life result in an adult brain with abnormal connectivity 
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and cortical pyramidal neurons with small dendritic fields and decreased spine density 
whereas similar lesions after the first week of life, when cell migration is complete, result 
in increased dendritic arborisation, increased in spine density, and recovery of function. 
PFC Afferent and Efferent Projections 
The distribution of DA in the rodent PFC is heterogeneous varying significantly 
between subregions (Slopsema, van der Gugten & de Bruin, 1982). The DAergic 
afferents emanating from the VTA preferentially innervate the ventral PrL/IL cortices, 
and those emanating from the substantia nigra (SN) innervate the dorsal ACg cortex 
(Emson & Koob, 1978). As a result the PrL/IL cortices have a greater density of DA 
terminals than the ACg cortex (Descarries, Lemay, Doucet & Berger, 1987).  
The mPFC sends efferent excitatory glutamate (GLUT) projections to subcortical 
structures (Berendse, Galis-de Graaf & Groenewegen, 1992; Sesack, Deutch, Roth & 
Bunney, 1989).  GLUT efferents from the mPFC that project to the nucleus accumbens 
(NAcc: Sesack & Pickel, 1992; Carr, O'Donnell, Card & Sesack, 1999; French & 
Totterdell, 2002; Gabbott et al., 2005) most likely synapse onto gamma-aminobutyric 
acid (GABA) neurons since in the NAcc the majority of NMDA receptors are located on 
GABA containing medium spiny neurons (Wüllner et al., 2004a,b; Tzschentke, 2001).  
GLUT efferents from the PFC which project directly to the VTA either synapse on DA 
cell bodies of neurons that project back to the PFC (Takahata & Moghaddam, 2000) or 
synapse onto GABA neurons in the VTA which in turn synapse onto DA cell bodies of 
neurons that project to the NAcc (Carr & Sesack, 2000).  There are also GLUT efferents 
from the PFC that project to the lateral dorsal tegmental nucleus (LDT) and synapse onto 
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GLUT neurons which then project to the VTA and synapse directly onto DA cells bodies 
of neurons which in turn project to the NAcc (Lokwan, Overton, Berry & Clark, 1999).  
The Mesocorticolimbic DA System 
The mesocortical and mesolimbic branches of the mesocorticolimbic DA system 
both originate from DA cell bodies located in the VTA.  Insofar as the breadth of the 
current thesis is concerned, the mesolimbic DA system projects to the NAcc and the 
mesocortical DA system projects to the PFC (Beckstead, Domesick & Nauta, 1979; 
Dahlström & Fuxe, 1964).  Psychostimulant drugs of abuse, such as AMPH or COC 
(Dunn 1988; Roth et al., 1988; Moghaddam & Bunney, 1989; Abercrombie, Keefe, 
DiFrischia & Zigmond, 1989; Maisonneuve, Keller & Glick, 1990), and exposure to 
stressful stimuli (Thierry, Tassin, Blanc & Glowinski, 1976; Doherty & Gratton, 1992; 
King, Zigmond & Finlay, 1997) have the ability to concurrently increase DA transmission 
in both the mesolimbic and mesocortical DA systems. 
Mechanisms of Action of AMPH and COC 
The locomotor stimulating effects of psychostimulants are due to their ability to 
increase DA transmission in the NAcc (Kelly & Iversen, 1976; Clarke, Jakubovic, Fibiger 
& 1988).  AMPH and COC enhance DA transmission through different mechanisms.  
AMPH enters the nerve terminal either via passive diffusion or by binding to the DA 
transporter (DAT; Fisher & Cho, 1979; Parker & Cubeddu, 1988; Sulzer, Sonders, 
Poulsen & Galli, 2005) and causes the impulse independent release of DA into the 
synaptic cleft via reverse transport (Raiteri, Cerrito, Cervoni & Levi, 1979; Westerink et 
al., 1987; Nomikos, Damsma, Wenkstern & Fibiger, 1990; Carboni, Imperanto, Perezzani 
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& Di Chiara, 1989).  AMPH also prolongs the availability of DA in the synaptic cleft by 
blocking DA re-uptake through the DAT (Heikkila, Orlansky & Cohen, 1975).  
Conversely, COC increases extracellular DA concentrations by blocking the reuptake of 
DA released by nerve impulses only (Harris & Baldessarini, 1973).  As a result the 
actions of COC are impulse dependant while the actions of AMPH are impulse 
independent (Seiden, Sabol & Ricaurte, 1993).   
Modulation of NAcc DA Release by PFC DA Transmission 
The increase in PFC DA transmission following exposure to environmental 
stressors is hypothesized to diminish the simultaneous increase in NAcc DA release 
(Deutch, Clark & Roth, 1990).  Though the mechanism through which PFC DA 
transmission achieves this modulatory effect has not been fully elucidated several lines of 
evidence support the idea that DA transmission in the PFC exerts indirect inhibitory 
control over DA release in the NAcc through a mechanism which is D1 receptor 
dependant.  Decreasing DA activity in the PFC through 6-OHDA lesions (Deutch et al. 
1990; King et al., 1997) and D1 receptor blockade (Doherty & Gratton, 1996) enhance 
the NAcc DA response to stress.  Similarly, intra-PFC administration of AMPH which 
produces a local enhancement of DA transmission inhibits the locomotor activating 
effects of systemic (Lacroix, Broersen, Feldon & Weiner, 2000) and intra-NAcc (Vezina, 
Blanc, Glowinski & Tassin, 1991) AMPH administration.  In addition D1 receptor 
blockade in the PFC enhances the locomotor activating effects of intra-NAcc AMPH 
(Vezina et al., 1991).   
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Behavioural Sensitization 
Repeated intermittent administration of psychostimulants results in behavioural 
sensitization: the progressive and long-lasting augmentation of DA-dependant behaviours 
including, but not limited to, locomotor activity and stereotypy (Robinson & Becker, 
1986).  Antelman et al. (1980) demonstrated that repeated foot shock stress can have the 
same sensitizing effect on behaviour as repeated drug administration when an animal is 
presented with a subsequent drug challenge.  Similar cross-sensitization between stress 
and psychomotor stimulants has been demonstrated for a number of different 
environmental stressors including tail pinch, restraint, social isolation, and social defeat 
stress (Piazza, Deminière, Le Moal & Simon, 1990; Deroche et al., 1992; Ahmed, Stinus, 
Le Moal & Cador, 1995; Nikulina et al., 2004).  Prior exposure to an environmental 
stressor not only has the ability to enhance the DA-dependent behaviours of subsequent 
drug administration, it has also been shown to sensitize DA transmission in the NAcc 
(Wilcox, Robinson & Becker, 1986; Kalivas & Duffy, 1989; Steketee , Sorg & Kalivas, 
1992) in a similar fashion as repeated administration of AMPH, COC and certain 
stressors (Robinson & Becker, 1986; Kalivas & Duffy, 1990; Doherty & Gratton, 1992). 
A Rat Model of Perinatal Anoxia 
Bjelke et al. (1991) developed a delayed cesarean section procedure in order to 
model perinatal anoxia in the rat.  Pups are subject to a 15 min anoxic episode following 
cesarean section birth.  At PND21 rats that had undergone the intra-uterine anoxia (C+15) 
exhibit increased tyrosine hydroxylase immunoreactive cell bodies in the SN and 
increased apomorphine-induced locomotion when compared to rats that underwent 
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cesarean section birth alone (C+0) (Bjelke et al. 1991).  This procedure has since been 
modified by removing the use of anesthetics during the cesarean section procedure, and 
adding a control group of rats born vaginally (VAG) allowing for the detection of 
possible disruptions caused by the cesarean section procedure alone versus the period of 
added anoxia (Boksa, Krishnamurthy, & Brooks, 1995; Brake, Noel, Boksa & Gratton, 
1997).  
Effect of Perinatal Anoxia on DA Receptor Expression 
As adults C+0 animals show decreased levels of D2 receptors in both the core and 
shell regions of the NAcc compared to VAG and C+15 animals (Juárez, De La Cruz, 
Zamudio & Flores, 2005) while compared to VAG controls no differences in D1 or D2 
receptor binding were found in the C+15 group (Brake, Sullivan & Gratton, 2000; El-
Khodor & Boksa, 2001).  In one report increased DAT-binding was found in the ACg and 
IL of the C+15 group (El-Khodor & Boksa, 2002) while in another report the increase 
was lateralized to the right side of the mPFC only (Brake et al., 2000).  Both C+0 and 
C+15 animals exhibit a blunted corticosterone (CORT) response to stress compared to 
VAG animals as well as decreased affinity for CORT of mineralocorticoid receptors 
(MR) in the hippocampus and hypothalamus with no changes reported in the functioning 
of the glucocorticoid receptors (GR; Boksa, Krishnamurthy & Sharma, 1996).   
Effect of Perinatal Anoxia on Mesocorticolimbic DA Function 
At adulthood, both C+0 and C+15 groups display stress-induced sensitization of DA 
transmission in the NAcc in response to repeated tail-pinch stress, while this effect is not 
observed in VAG animals (Brake et al., 1997a).  In contrast all three birth groups 
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sensitize equally to the behavioural effects of repeated AMPH administration while only 
the C+15 group shows a sensitized response to AMPH administration following repeated 
saline (SAL) injections (Brake et al., 1997b).   
In C+15 animals the enhanced NAcc DA response to both repeated stress and 
AMPH administration is hypothesized to result from a loss of inhibitory control from the 
PFC (Brake et al., 1997a; Brake et al., 2000).  In order to investigate this hypothesis, 
Brake et al. (2000) measured DA release in the mPFC in response to repeated stress.  The 
results indicate that the C+15 group displays a persistent blunting of stress-induced DA 
release in the right PFC compared to VAG animals, a pattern which only emerges in the 
C+0 group after repeated testing (Brake et al., 2000).  As discussed above, the PFC DA 
exerts inhibitory control over the NAcc (Deutch, Clark & Roth, 1990; Mitchell & 
Gratton, 1992; Doherty & Gratton, 1996; Carr et al., 1999).  Therefore the PFC DA 
hypofunction displayed by the C+15 group would result in the a loss of inhibitory control 
and could explain the DA hyperfunction recorded in the NAcc of the C+15 group 
following repeated stress and AMPH administration (Brake et al., 1997a, 1997b, 2000).  
Effect of Perinatal Anoxia on Dendritic Morphology 
Recently, there have been reports of adolescent changes in dendritic morphology following 
perinatal anoxia (Juárez, Gratton & Flores, 2008).   At postnatal day (PND) 35 these changes 
include; significantly lower dendritic spine density of PFC neurons in C+15 and C+0 than 
in VAG controls, significantly greater hippocampal spine densities in C+15 animals and 
significantly lower spine densities in C+0 animals compared to VAG controls, as well as 
significantly greater spine densities of NAcc medium spiny neurons in C+15 animals 
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compared to both C+0 and VAG animals.  In contrast none of these differences are 
present when measured at adulthood (Juárez et al., 2008).  The authors suggest that these 
transient changes in spine density uncovered during adolescence could have a significant 
impact on the formation and distribution of DA synapses and lead to alterations in 
synaptic connectivity at adulthood (Juárez et al., 2008).  
Adolescence 
Adolescence is a period during which age specific behaviours differ from both juvenile 
and adult animals.  Adolescent rats display significantly more exploratory behaviour in 
novel situations (Spear, Shalaby & Brick, 1980) and spend more time engaging social 
interactions than adult animals (Primus & Kellogg, 1989).  In the rat, adolescence spans 
from approximately PND28 to 42 (Spear, 2000).  Adolescence is often further subdivided 
into three distinct stages namely; early adolescence (prepubescent rats) from PND 21 to 
34, mid adolescence (periadolescent rats) from PND 34–46 and late adolescence (young 
adult rats) from PND 46 to 59 (Tirelli, Laviola & Adriani, 2003).   
Cortical Pruning during Adolescence 
During adolescence there is substantial remodeling of the mesocorticolimbic DA 
system.  In the caudate putamen (CPu) and PFC the density of D1 and D2 receptors peak 
at PND40, then declined significantly to reach adult levels at PND60 and PND100 
respectively (Tarazi, Tomasini & Baldessarini, 1998a, 1999; Teicher, Andersen & 
Hostetter, 1995; Andersen et al., 2000) while D3 (Stanwood, McElligot, Lu & 
McGonigle, 1997) and DAT levels (Tarazi, Tomasini & Baldessarini, 1998b) rise steadily 
to reach adult levels at PND60.  The density of D1 and D2 receptors reach adult levels in 
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the NAcc during adolescence (Teicher et al., 1995; Andersen et al., 2000; Tarazi & 
Baldessarini, 2000).  These results demonstrate evidence of the pruning between 
adolescence and adulthood of DA receptors in the CPu and PFC during normal 
development.  In contrast evidence of extensive DA receptor pruning the NAcc was 
limited to adolescence between PND28-40 (Teicher et al., 1995).  The maturation of 
synaptic structures and functions may be significantly influenced by the normal 
expression and development of DA receptors during adolescence.  Perturbations during 
this highly plastic period of development could affect the organization and connectivity of 
mesocorticolimbic DA systems (Tarazi & Baldessarini, 2000). 
Alterations in cortical synaptic pruning that occur during adolescence have been 
thought to be involved in the etiology of schizophrenia (Feinberg, 1982-83, 1990; 
Hoffman & Dobscha, 1989).  While some believe that normal cortical pruning may 
uncover a pre-existing lesion responsible for the development of the disorder 
(Weinberger, 1987), others believe excessive synaptic pruning in the PFC during 
adolescence may explain the altered neurobiological profile which underlies the disorder 
(Keshaven, Anderson & Pettegrew, 1994). 
Response to Stress and Psychostimulants during Adolescence 
Perhaps as a consequence of differences in DA receptor expression and lower 
levels of extracellular DA (Andersen & Gazzara, 1993) adolescent rats exhibit a blunted 
behavioural response to psychostimulants compared to adult animals (Laviola, Wood, 
Kuhn, Francis, & Spear, 1995; Frantz, O'Dell, & Parsons, 2007), though adolescent rats 
do exhibit cross-sensitization between chronic variable or chronic restraint stress and the 
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locomotor activating effects of COC (Lepsch et al., 2005).  Like the DA system, the HPA 
axis also exhibits an increased level of plasticity during adolescence.  In the rat, basal 
CORT reaches adult-like concentrations by PND45 (Pignatelli et al., 2006) and 
expression of GR, MR, and corticotropin-releasing hormone (CRH) mRNA reach adult 
levels by PND21 (McCormick, Mathews, Thomas & Waters, 2010).  Hepatic 
corticosteroid-binding globulin (CBG) mRNA also attains adult levels by PND21 though 
serum CBG concentrations do not reach adult values until about PND42 (Smith & 
Hammon, 1991).  Adolescent animals exhibit an exaggerated and prolonged CORT 
response to acute stress (Romeo et al., 2004; 2006) but a blunted and shorter CORT 
response to chronic stress (Romeo et al., 2006).   
Enduring Effects of Adolescent Stress 
The effects of stress during adolescence on the response to stress and 
psychostimulants at adulthood have not been well studied (McCormick et al., 2010).  The 
few experiments that exist, report that chronic social stress during adolescence enhances 
the locomotor response to AMPH during adulthood (Mathews et al., 2008).  Though 
conflicting results have been reported (Kabbaj, Isgor, Watson & Akil, 2002; McCormick, 
Robarts, Kopeikina & Kelsey, 2005) these outcomes have been criticized based on 
methodological issues including timing of the stress and the drug challenge (see Mathews 
et al., 2008).  In agreement the findings of Mathews et al. (2008), at adulthood, social 
defeat stress during adolescence, increases spontaneous locomotor activity, decreases 
basal mPFC DA levels, and leads to a blunted mPFC and enhanced NAcc DA response to 
AMPH administration (Watt, Burke, Renner & Forster, 2009; Burke, Renner, Forster & 
Watt, 2010).  
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RATIONALE 
Epidemiological evidence indicates that obstetric complications are a risk factor 
for schizophrenia (Geddes et al., 1999) and perinatal anoxia may result in premature 
cortical synaptic pruning (Rosso et al., 2000).  Compared to VAG controls both C+0 and 
C+15 animals exhibit a transient decrease in PFC spine densities during adolescence 
suggestive of over pruning (Juárez et al., 2008).  These transient changes have the 
potential to alter the development of the mesocorticolimbic DA system.  At adulthood 
altered mesocorticolimbic DA transmission has been reported in either C+0 or C+15 
animals depending on the magnitude and frequency of the environmental stressor (Brake 
et. al, 1997a, 1997b, 2000).  In contrast birth condition has no effect on the locomotor 
response to acute or repeated administration of 2.0mg/kg of AMPH (Brake et. al, 1997b).  
Adolescence is a highly plastic period of brain development and perturbations, such as 
chronic stress, have the potential to affect the organization and connectivity of 
mesocorticolimbic DA system (Tarazi & Baldessarini, 2000).  Chronic stress during 
adolescence has long lasting effects on mesocorticolimbic DA function resulting in 
enhanced responsiveness to AMPH at adulthood (Mathews et al., 2008).  We therefore 
hypothesized that in an animal model of obstetric complications, perinatal insults 
resulting from a period of anoxia at birth would interact with aberrant synaptic 
remodelling caused by exposure to stress during adolescence to alter the developmental 
trajectory of the mesocorticolimbic DA system resulting in a sensitized locomotor 
response to psychostimulants at adulthood. 
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OBJECTIVES & HYPOTHESES 
 In Study 1 we examined the effects of experimentally induced perinatal anoxia on 
the adult locomotor response to AMPH and COC.   In Experiment 1 we examined the 
effect of perinatal anoxia on spontaneous locomotor activity during adolescence and the 
locomotor response following a SAL and AMPH injection at adulthood.  In Experiment 2 
we examined the effect of perinatal anoxia on the adult locomotor response following an 
acute COC injection and in Experiment 3 we examined the effect of perinatal anoxia on 
the locomotor response to acute COC administration and on the effect of repeated SAL or 
COC pre-treatment on the locomotor response to a subsequent COC challenge.  Our 
working hypothesis was that there would be no effect of birth condition on the locomotor 
response following AMPH or COC administration based on reports by Brake et al. 
(1997b) which found no birth group differences following AMPH injection in naive 
animals and the fact that both AMPH and COC enhance NAcc transmission resulting in 
increased locomotor activity (Kelly & Iversen, 1976).  Further, we hypothesized that 
compared to C+0 and VAG animals, C+15 animals would show a greater locomotor 
response to the COC challenge following repeated SAL but not repeated COC 
administration again based on the findings of Brake et al. (1997b) who reports a 
sensitized response to subsequent AMPH challenge following repeated SAL in the C+15 
animals only while C+0, C+15 and VAG animals sensitized equally following repeated 
AMPH administration. 
 In Study 2 we examined the effects of chronic unpredictable adolescent stress 
(CUAS) on the adult locomotor response to psychostimulant drugs following 
experimentally induced perinatal anoxia.  In Experiment 1 we examined the effect of 
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CUAS subsequent to perinatal anoxia on spontaneous locomotor activity during 
adolescence or following SAL and AMPH injections at adulthood.  In Experiment 2 we 
examined the effect of CUAS subsequent to perinatal anoxia on the adult locomotor 
response following a COC injection.  In Experiment 3 we examined the effect of CUAS 
subsequent to perinatal anoxia on the acute locomotor response to repeated COC 
administration and on the effect of repeated SAL or COC pre-treatment on the locomotor 
response to a subsequent COC challenge.  Our working hypothesis was that CUAS would 
increase the locomotor response to AMPH and COC administration to a greater extent in 
the C+0 and C+15 animals compared to the VAG controls.  Our rationale was based on 
the finding that chronic stress during adolescence enhances the locomotor response to 
AMPH at adulthood (Mathews et al., 2008) and chronic stress during adolescence may 
have a greater effect on the development of the mesocorticolimbic DA system in C+0 and 
C+15 animals since both groups show decreased PFC spine densities during adolescence 
compared to VAG controls (Juárez et al., 2008).  We hypothesized that only C+15 
animals would show a sensitized locomotor response to the COC challenge following 
repeated SAL pre-treatment since C+15 animals sensitize more readily to a repeated mild 
stress than C+0 and VAG animals (Brake et al., 1997b) and COC administration.  Further 
we hypothesized that C+0, C+15 and VAG animals would all show a sensitized 
locomotor response to the COC challenge following repeated COC pre-treatment 
however the locomotor response exhibited by C+0 and C+15 animals would be greater 
than that of VAG animals. 
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STUDY 1:  INFLUENCE OF EXPERIMENTALLY INDUCED PERINATAL ANOXIA 
ON THE ADULT LOCMOTOR RESPONSE TO PSYCHOSTIMULANT DRUGS 
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GENERAL METHODS 
Subjects 
Subjects were the offspring of Sprague Dawley dams (Charles River, St Constant, 
Québec, Canada) approximately 40-41 days old in the adolescent experiments and 60-90 
days old in the adult experiments.  Experimental rats were born and raised at the Douglas 
Mental Health Research Centre (Montreal, QC, Canada).  Rats were maintained on a 
regular 12 h light/dark cycle (lights on at 0800h) during gestation, parturition, and up 
until weaning.  Following weaning rats were switched to a reverse12 h light/dark cycle 
(lights off at 0800h) allowing all behavioural testing to be carried out during the dark 
cycle.  Food (Purina Chow) and water were made available ad libitum.  All procedures in 
the present study conformed to the guidelines of the Canadian Council on Animal Care. 
Surgery 
Rats were time-mated and monitored for births on the day of parturition.  Once a 
minimum of half the dams began birthing a caesarean section procedure modified from 
that first reported by Bjelke et al. (1991) was performed on the remaining dams.  Briefly, 
dams were decapitated and hysterectomized and the uterus was ligated at the midpoint 
allowing one intact uterine horn to be removed and immediately immersed in a 37ºC 
0.9% SAL bath for a 15 minute period of anoxia (C+15).  Following the anoxia, the 
uterine horn was removed from the SAL bath and, the pups were delivered manually.  
Meanwhile animals from the second uterine horn were delivered immediately and not 
subjected to any added period of anoxia (C+0).  A third group was comprised of animals 
birthed vaginally (VAG).   
25 
 
All three groups of animals were sexed and placed on a heating pad until they 
were divided into litters of 12 for cross-fostering by lactating surrogate dams which gave 
birth previously to the VAG animals.  Litters were comprised of 2 male and 2 female 
pups from each birth condition when possible.  To avoid possible confounds derived from 
differential maternal care, none of the VAG pups were returned to their biological 
mothers.  Upon weaning at 21 days of age, male animals were pair housed with age 
matched animal facility reared counterparts and house as outlined above.   
Experimental Design 
 Experimental subjects were from one of three birthing groups: caesarean section 
with a 15 minute period of anoxia (C+15); caesarean section with no added period of 
anoxia (C+0); or vaginal birth (VAG) used as a control group.  Each experiment was 
conducted under first under unstressed conditions (Study 1) and then with a separate 
group of animals that had undergone CUAS (Study 2).  Separate cohorts of animals were 
used for the adult AMPH studies (n=6-7 animals per group) and the adolescent studies 
(n=11-15 animals per group).  At adulthood the animals from the adolescent studies were 
divided into SAL and COC groups for the adult COC studies (n=5-8 animals per group).  
Drugs 
d-Amphetamine sulfate (AMPH) (Sigma-Aldrich, UK) was dissolved at a 
concentration of 2mg/ml in sterile 0.9% SAL and administered at a dose of 2mg/kg i.p. 
Cocaine hydrochloride (COC) (Medisca, Montreal) was dissolved at a concentration of 
15mg/ml in sterile 0.9% SAL and administered at a dose of 15mg/kg i.p.     
Behavioural Testing 
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Locomotor activity was quantified using an infrared activity monitoring apparatus 
(AccuScan Instruments, Inc., Columbus, OH, USA).  Data were collected online using 
Versamax software (version 4.0, 2004).  Locomotor activity was defined as the distance 
traveled (cm) in a given period of time.  Testing in the adolescent period was carried out 
on PND40-41.  During adulthood testing was carried out between PND90-120.   
Data Analysis 
Adolescent and AMPH data were analyzed using a one factor analysis of variance 
(ANOVA).  The acute and challenge COC data were analyzed using a two factor 
ANOVA with birth group and treatment as between-subjects factors.  The repeated pre-
treatment data in the COC experiment were analysed using a two-factor repeated 
measures ANOVA with birth group as the between-subject factor and injection as the 
within-subject factor.  Post hoc analyses were conducted using Bonferroni t-tests where 
appropriate. 
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Experiment 1: Effect of perinatal anoxia on the locomotor response of adult animals to 
AMPH  
Methods 
During adolescence or adulthood animals were placed in the infrared activity 
monitoring apparatus and spontaneous locomotor activity was monitored for 60 minutes.  
Only in adult animals, following the 60 minute habituation period, all animals received a 
0.9% i.p. SAL injection in the infrared activity monitoring apparatus and their locomotor 
activity was recorded for an additional 60 minutes.  All adult animals were then 
administered a 2.0mg/kg i.p. AMPH injection again in the infrared activity monitoring 
apparatus and locomotor activity monitoring continued for an additional 120 minutes. 
Results 
No significant differences in spontaneous locomotor activity were found between 
birth groups at either adolescence (see Figure 1a) or adulthood (see Figure 1b).  No 
significant differences on locomotor response were found between birth groups following 
a SAL injection (see Figure 2a) or 2.0mg/kg i.p. AMPH injection (see Figure 2b). 
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Figure 1.  Effect of birth condition on spontaneous locomotor activity in adolescence or 
adulthood  Mean (± SEM) total distance travelled during 60 min exposure to a novel test 
chamber either in (a) adolescence or (b) adulthood.  Birth condition did not affect 
spontaneous locomotor activity in either age group. 
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Figure 2.  Effect of birth condition on the locomotor response of adult animals following 
SAL or AMPH  Mean (± SEM) total distance travelled for (a) 60 minutes following a 
0.9% i.p. SAL injection or (b) 120 minutes following a 2.0mg/kg i.p. AMPH injection.  
Birth condition did not affect the locomotor response to either the SAL or AMPH 
injection. 
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Experiment 2: Effect of perinatal anoxia on the locomotor response of adult animals to 
COC  
Methods 
Animals were placed in the activity chambers and spontaneous locomotor activity 
was monitored for a 30 minutes.  Half of the animals then received a 0.9% i.p. SAL 
injection and the other half of the animals received a 15mg/kg i.p. COC injection and 
locomotor activity was recorded for an additional 90 minutes.  
Results 
No significant differences in spontaneous locomotor activity were found between 
birth groups (see Figure 3a).  A marginally significant main effect of birth condition 
F(2,33)=2.78, p=0.0765, a significant main effect of treatment F(1,33)=64.3, p<0.0001, 
and a significant birth condition x treatment interaction F(2,33)=4.66, p<0.05 were found 
(Figure 3b).  Post hoc tests revealed that all birth groups exhibited a greater locomotor 
response to a 15mg/kg i.p. injection of COC compared to SAL (C+15, p<0.01; C+0, 
p<0.001; VAG, p<0.05) and uncovered a greater locomotor response to COC in the C+0 
group compared to both the C+15 and VAG groups ( p<0.01). 
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Figure 3.  Effect of birth condition on spontaneous locomotor activity and response to 
SAL or COC at adulthood  Mean (± SEM) total distance travelled (a) during a 60 min 
exposure to a novel test chamber (b) for 60 minutes following a 0.9% i.p. SAL injection 
or 15mg/kg i.p. COC injection.  Birth condition did not affect spontaneous locomotor 
activity.  COC significantly increased locomotor activity compared to SAL in all birth 
groups (C+15, **p<0.01; C+0, ***p<0.001; VAG, *p<0.05) and enhanced locomotor 
activity to a significantly greater extent in C+0 animals compared to both C+15 and VAG 
animals (**p<0.01). 
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Experiment 3: Effect of perinatal anoxia on the acute locomotor response to repeated 
COC administration and a subsequent COC challenge 
Methods 
 The same procedure as employed in Experiment 2 was repeated every second day 
for a total of 5 pre-treatment injections per animal.  Ten days after the final pre-treatment 
animals were placed back in the activity chamber and allowed to habituate for 30 minutes 
after which both SAL and COC pre-treated animals were administered a challenge 
injection of i.p. 15mg/kg COC and locomotor activity was recorded for an additional 90 
minutes. 
Results 
A marginally significant main effect of birth condition F(2,68)=3.45, p=0.055, a 
significant main effect of injection F(4,68)=14.24, p <0.0001, but no significant birth 
condition x injection interaction were uncovered (Figure 4).  Post hoc tests indicated that 
all birth groups exhibited a greater locomotor response to the fifth injection of repeated 
15mg/kg i.p. COC injections compared to the first injection (p<0.01), while following the 
fourth injection only the VAG (p<0.001) and C+15 (p<0.05) groups exhibited a greater 
locomotor response than to the first injection, and following the third injection only the 
VAG group exhibited a greater locomotor response compared to the first injection 
(p<0.001). 
A marginally significant main effect of birth condition F(2,33)=2.96, p=0.0656, a 
significant main effect of pre-treatment F(1,33)=14.27, p <0.001, but no significant birth 
condition x pre-treatment interaction were revealed (Figure 5).  Post hoc tests indicated 
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that the 15mg/kg i.p. COC pre-treatment significantly enhanced the locomotor response 
to the 15mg/kg i.p. COC challenge compared to the SAL pre-treatment in the C+0 group 
(p<0.01) only and the locomotor response to the COC challenge was greater in the C+0 
animals than both the C+15 and VAG groups (p<0.05). 
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Figure 4. Effect of birth condition on the acute locomotor response to repeated COC 
administration Mean (± SEM) total distance travelled following a 15mg/kg i.p. injection 
of COC every second day for a total of 5 injections.  In all birth groups the locomotor 
response to the COC injection following the fifth injection was significantly greater than 
to the first injection (C+15, #p<0.01; C+0, §p<0.001; VAG, #p<0.01), following the 
fourth injection significantly greater in only the C+15 (&p<0.05) and VAG groups 
(§p<0.001), and following the third injection significantly greater in only the VAG group 
(§p<0.001). 
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Figure 5. Effect of birth condition and pre-treatment on locomotor response to a 
subsequent challenge injection of COC  Mean (± SEM) total distance travelled following 
a challenge injection of 15mg/kg i.p. COC 10 days after last pre-treatment injection.  
COC pre-treatment significantly increased locomotor activity compared to SAL pre-
treatment in the C+0 group only (**p<0.01) and enhanced locomotor activity to a 
significantly greater extent in C+0 animals compared to both C+15 and VAG animals 
(*p<0.05). 
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STUDY 2:  INFLUENCE OF CUAS SUBSEQUENT TO PERINATAL ANOXIA ON 
THE ADULT LOCMOTOR RESPONSE TO PSYCHOSTIMULANT DRUGS 
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General Methods 
CUAS 
On PND 30, one male offspring from each birth condition per litter was submitted to a 
once daily chronic unpredictable stress protocol until PND 38. The non-stressed 
littermates were left undisturbed except for routine cage cleaning.  The protocol consisted 
of one of three possible stressors per day, applied during the dark phase, at random time 
points and order from day to day.  Each of the three stressors were applied an equal 
number of times to each animal over the course of the nine day stress period.  We chose 
to include both physical and psychological stressors so that animals were exposed to both 
aspects of stress.  
Forced Swim   
Animals were placed in a white bucket of water (22°C ± 1°C) filled to a depth that 
ensured their tails could not touch the bottom of the container and they could not escape 
from the top of the container.  Animals were removed after 10 minutes and returned to 
their home cage. 
Restraint Stress 
Animals were placed in cone shaped grouting bags (Home Depot, Montreal, 
Canada) for 30 minutes. The grouting bag, which acted as a restrainer, was secured with a 
paperclip around the base of the tail and had a small hole at the opposite end allowing the 
animal to breathe comfortably.  Following the restraint stress animals were returned to 
their home cage. 
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Social Defeat 
The resident-intruder paradigm was implemented as a source of social defeat 
stress.  Dominant adult male rats were pair housed with ovariectomized females one week 
before the chronic unpredictable stress protocol began.  The social defeat stress began by 
the female in each cage being removed and replaced by one of the adolescent 
experimental subjects.  The resident adult male was allowed to interact with the intruder 
adolescent animal for a period of 5 minutes allowing enough time for the resident to 
defeat the intruder and for the intruder to start showing behavioural signs of subordination 
(e.g. freezing, escape, defensive upright positions and vocalization).  The adolescent 
animal was then placed within a perforated plastic ball to prevent injuries while keeping 
the animal in sensory contact within the resident’s home cage for an additional 55 
minutes.  Adolescent animals were then removed and returned to their respective home 
cages. 
At the end of the 9 days of unpredictable chronic stress animals were left 
undisturbed except for weekly cage changes until PND40 for the adolescent experiments 
and PND60 for the adult experiments.    
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Experiment 1: Effect of CUAS subsequent to perinatal anoxia on the adult locomotor 
response to AMPH 
Methods 
During adolescence or adulthood animals were placed in the infrared activity 
monitoring apparatus and locomotor activity in response to the novel apparatus was 
monitored for 60 minutes.  Only in adult animals, following the 60 minute habituation 
period, all animals received a 0.9% i.p. SAL injection in the infrared activity monitoring 
apparatus and their locomotor activity was recorded for an additional 60 minutes.  All 
adult animals were then administered a 2.0mg/kg i.p. AMPH injection again in the 
infrared activity monitoring apparatus and locomotor activity monitoring continued for an 
additional 120 minutes. 
Results 
No significant differences in spontaneous locomotor activity were found between 
birth groups at either adolescence (see Figure 6a) or adulthood (see Figure 6b).  No 
significant differences on locomotor response were found between birth groups following 
a 0.9% i.p. SAL injection (see Figure 7a) or 2.0mg/kg i.p. AMPH injection (see Figure 
7b). 
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Figure 6.  Effect of CUAS subsequent to perinatal anoxia on spontaneous locomotor 
activity in adolescence or adulthood Mean (± SEM) total distance travelled during 60 min 
exposure to a novel test chamber either in (a) adolescence or (b) adulthood.  Birth 
condition did not affect spontaneous locomotor activity. 
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Figure 7.  Effect of CUAS subsequent to perinatal anoxia on the locomotor response of 
adult animals to SAL or AMPH Mean (± SEM) total distance travelled for (a) 60 minutes 
following a 0.9% i.p. SAL injection or (b) 120 minutes following a 2.0mg/kg i.p. AMPH 
injection.  Birth condition did not affect the locomotor response to either the SAL or 
AMPH injection. 
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Experiment 2: Effect of CUAS subsequent to perinatal anoxia on the locomotor response 
of adult animals to COC 
Methods 
Animals were placed in the activity chambers and locomotor activity in response 
to the novel apparatus was monitored for a 30 minutes.  Half of the animals then received 
a 0.9% i.p. SAL injection and the other half of the animals received a 15mg/kg i.p. COC 
injection and locomotor activity was recorded for an additional 90 minutes.  
Results 
No significant differences in spontaneous locomotor activity were found between 
birth groups (see Figure 8a).  A significant main effect of treatment was found, 
F(1,36)=25.81, p<0.0001, but no significant main effect of birth condition or birth 
condition x treatment interaction (Figure 8b).  Post hoc tests revealed that all birth groups 
exhibited a significantly greater locomotor response to a 15mg/kg i.p. COC injection 
compared to SAL (p<0.05) but the response of the birth groups to the SAL and COC 
injections did not differ significantly. 
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Figure 8.  Effect of CUAS subsequent to perinatal anoxia on spontaneous locomotor 
activity and locomotor response to SAL or COC at adulthood Mean (± SEM) total 
distance travelled (a) during a 60 min exposure to a novel test chamber (b) for 60 minutes 
following a 0.9% i.p. SAL injection or 15mg/kg i.p. COC injection.  Birth condition did 
not affect spontaneous locomotor activity, locomotor response to the SAL, or COC 
injection while COC significantly increased locomotor activity compared to SAL in all 
birth groups (*p<0.05). 
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Experiment 3: Effect of CUAS following perinatal anoxia on the acute locomotor 
response to repeated COC administration and a subsequent COC challenge  
Methods 
 The same procedure as employed in Study 3 was repeated every second day for a 
total of 5 pre-treatment injections per animal.  Ten days after the final pre-treatment 
animals were placed back in the activity chamber and allowed to habituate for 30 minutes 
after which both SAL and COC pre-treated animals were administered a challenge 
injection of 15mg/kg i.p. COC and locomotor activity was recorded for an additional 90 
minutes. 
Results 
A significant main effect of injection was found, F(4,80)=15.12, p<0.0001, but no 
significant main effect of birth condition or birth condition x injection interaction (Figure 
9).  Post hoc tests indicated that following the fourth and fifth repeated 15mg/kg i.p. COC 
injection the locomotor response was significantly greater than to the first injection in the 
C+15 (p<0.001; p<0.001) and VAG (p<0.05; p<0.01) groups and following the third 
injection significantly greater in the C+15 group (p<0.01) only. 
A significant main effect of pre-treatment was found, F(1,36)=18.2, p<0.0001 but 
no significant main effect of birth condition or birth condition x pre-treatment interaction 
(Figure 10).  Post hoc tests indicated that the repeated 15mg/kg i.p. COC pre-treatment 
significantly enhanced the locomotor response to the 15mg/kg i.p. COC challenge 
compared to the SAL pre-treatment in the C+15 group (p<0.01) only and did not 
differentially affect locomotor activity in any of the birth groups. 
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Figure 9.  Effect of CUAS subsequent to perinatal anoxia on the acute locomotor 
response to repeated COC administration Mean (± SEM) total distance travelled 
following a 15mg/kg i.p. COC injection every second day for a total of 5 injections.  
Locomotor response to the following the fourth and fifth injections were significantly 
greater than to the first injection in the C+15 (§p<0.001; §p<0.001) and VAG (#p<0.05; 
&p<0.01) groups and following the third injection significantly greater in the C+15 group 
(&p<0.01) only. 
 
46 
 
ANOXIA C-SECTION VAGINAL
0
10000
20000
30000
SAL PRE
COC PRE
BIRTH GROUP
TO
TA
L 
DI
ST
AN
CE
 
(cm
)
**
 
Figure 10.  Effect of CUAS following perinatal anoxia and pre-treatment condition on 
locomotor response to a subsequent challenge injection of COC  Mean (± SEM) total 
distance travelled following a 15mg/kg i.p. COC injection 10 days after the last pre-
treatment injection.  COC pre-treatment significantly increased locomotor activity 
compared to SAL pre-treatment in the C+15 group only (**p<0.01) and did not 
differentially enhance locomotor activity in any of the birth groups. 
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GENERAL DISCUSSION 
The objective of the present body of work was to evaluate the effects of perinatal 
anoxia and CUAS on the adult locomotor response to psychostimulants.  Our results 
suggest that birth history and CUAS affect the adult response to some, but not all, 
psychostimulants.  We report here that neither birth group nor stress condition affected 
spontaneous locomotor activity during adolescence or adulthood nor did they affect the 
adult locomotor response following SAL and AMPH injection at adulthood.  However, 
birth condition alone did affect the locomotor response to COC in naive animals and in 
animals repeatedly injected with COC and these effects were differentially modulated by 
CUAS.  More specifically naive C+0 animals exhibited an enhanced locomotor response  
following COC injection compared to both C+15 and VAG animals and following 
repeated injections of COC only C+0 animals exhibited a sensitized locomotor response 
to a challenge injection of COC when compared to animals from the same birth group 
that were repeatedly injected with SAL.  Following CUAS the birth group differences 
seen in response to an injection of COC in naive animals disappeared and only C+15 
animals exhibited a sensitized locomotor response to a challenge injection of COC after 
repeated injections of COC compared to animals from the same birth group that were 
repeatedly injected with SAL. 
In agreement with our results Juarez et al. (2003) find that, during the adolescent 
period, spontaneous locomotor activity does not differ between birth groups.  Further, 
several studies also find that birth groups do not differ in their spontaneous locomotor 
activity during adulthood (El-Khodor & Boksa, 1998; 2000), although others report 
conflicting results.  Specifically, previous studies by our group report that C+15 animals 
are spontaneously hyperactive when measured across 5 consecutive days of testing 
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(Brake et al., 1997b, 2000).  It is worth noting however that in the Brake et al. (2000) 
study animals were pre-exposed to the activity monitoring chamber for 2 days prior to 
testing while in our experiment the activity monitoring chamber was novel.  In addition in 
the Brake et al. (1997b) study animals underwent a baseline session in which the testing 
chamber would also have been novel and during this session no birth group differences in 
spontaneous locomotor activity were uncovered.   
Also in agreement with previous studies, we found that a single SAL injection did 
not differentially affect locomotion in any of the birth groups (El-Khodor & Boksa, 1998; 
Brake et al., 1997b; Juárez et al., 2003).  We also showed that a 2.0mg/kg i.p. AMPH 
injection enhanced locomotor activity to the same extent in all birth groups.  This finding 
agrees with a previous study by our group which indicates that repeated injections of 
2.0mg/kg AMPH does not differentially affect the locomotor activity in any of the birth 
groups (Brake et al., 1997).  In contrast other groups have reported that a single 0.5mg/kg 
AMPH injection elicits a greater locomotor response in C+0 and C+15 animals (El-
Khodor & Boksa, 1998) or in C+10 animals only (Juárez et al., 2003) compared to VAG 
controls.  The possibility remains that if we administered a similarly low dose we may 
have also uncovered birth group differences.    
To our knowledge, our studies are the first to investigate the effects of 
experimentally induced perinatal anoxia on the locomotor response to COC.  In contrast 
to our results indicating that birth condition alone did not affect the locomotor response to 
AMPH, we found that birth condition alone was sufficient to affect the adult response to a 
15mg/kg i.p. COC injection.  While a 15mg/kg i.p. COC injection significantly increased 
locomotor activity compared to SAL in all birth groups it did so to a greater extent in the 
C+0 group.  Interestingly, at adulthood C+0 animals express decreased levels of D2 
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receptors in both the core and shell regions of the NAcc (Juarez et al., 2006) and pre-
synaptic D2 receptors regulate extracellular DA levels following COC administration 
(Silvia et al., 1994; Farnsworth, Volz, Hanson & Fleckenstein, 2009).  Further COC-
induced increases in synaptic DA activate D2 autoreceptors which inhibit DA release in 
response to a subsequent depolarizing stimulus.  We therefore hypothesize that less D2 
receptors in the NAcc of C+0 animals would ultimately result in less effective negative 
feedback thereby releasing comparatively more DA into the synapse following 
subsequent depolarizing stimuli.  This increased NAcc DA could account for the 
enhanced locomotor activity we report in C+0 animals compared to C+15 and VAG 
animals in response to the same dose of COC.  
We also found that 10 days after a regimen of 5 pre-treatment injections 
administered every second day only the C+0 animals pretreated with COC showed a 
sensitized locomotor response to a COC challenge compared to animals from the same 
birth group pre-treated with SAL.  The locomotor response of the C+0 animals pre-treated 
with COC to the challenge injection was also greater that of both the C+15 and VAG 
animals pre-treated with COC. 
While some of our results regarding the effects of birth complications on the adult 
locomotor response to psychostimulants agree with previous findings others do not.  This 
is characteristic of the literature on the subject which is wrought with inconsistencies on 
the effects of perinatal anoxia on DA and DA-mediated behaviours at adulthood.  
Studying the effect of complications at birth on measures in adulthood means we are 
dealing with a developmental model that spans several distinct stages of life each of 
which has distinct sources of variability that need to be taken into consideration in order 
to minimize discrepancies between studies.  Before discussing the implications of our 
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findings we will outline three major sources of variability that we indentified and 
attempted to control for in our studies included litter effects, rearing effects, and housing 
conditions during development.  
Litter Effects 
In order to account for litter effects to the greatest extent possible, during the 
caesarean procedure, we ligated the uterus of the hysterectomized dams at the midpoint.  
By doing so we were able to assign pups in one uterine horn from each dam to the C+0 
condition and assign pups in the other uterine horn from the same dam to the C+15 
condition.  In contrast many other groups report using separate dams to generate the C+0 
and C+15 animals (Brake et al., 1997; El-Khodor & Boksa, 1998).  Unfortunately there is 
no way to account for litter effects in the VAG group since by definition they are not born 
by caesarean section and must therefore be generated from separate dams than the C+0 
and C+15 groups. 
Rearing Effects 
Rearing effects result from differences in maternal behaviour.  Following 
manipulations at birth litters are artificially composed by the experimenter to be fostered 
by surrogate dams.  Most studies on the effects of experimentally induced perinatal 
anoxia utilize only male animals as subjects therefore the artificially composed litters are 
comprised of only male subjects.  Even in an experiment analyzing the effects of perinatal 
anoxia on the level of maternal care dams provide to each birth group the litters examine 
were comprised of only males (Levine & Boksa, 2006).  While seemingly efficient single 
sex litters change how the dams interact with their litter as a whole and cause profound 
effects on pups.  In naturally occurring mixed sex litters dams spend significantly more 
time licking the anogenital region of male than female pups (Moore & Morelli, 1979).  In 
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addition the postnatal sex ratio of the litter has a stronger impact on adult behaviour than 
prenatal intrauterine sex ratio (de Medeiros, Rees, Llinas, Fleming, & Crews, 2010).  To 
illustrate this point Michaels & Holtzman (2006) investigated the effect of maternal 
separation and litter composition on sucrose intake.  The authors find that offspring from 
maternally separated mixed-sex litters show increased preference for sucrose at adulthood 
compared to offspring from maternally separated single-sex litters (Michaels & 
Holtzman, 2006).  These differences are not seen in non-handled controls indicating that 
sex composition of litters can interact with early life stress to effect brain reward 
mechanisms (Michaels & Holtzman, 2006).  For this reason even though female 
littermates were not used as test subjects in our studies we maintained all litters with an 
equal ratio of male and female animals until weaning. 
Housing Conditions 
In the majority of developmental experiments animals are pair housed following 
weaning.  In some experiments animals are paired with siblings from the same birth 
condition (Brake et al., 2000) whilst in others animals are randomly paired with siblings 
from different birth conditions (El-Khodor  & Boksa, 1998), and still other experimenters 
do not indicate the birth groups of the cage mates.  In our experiments we chose to pair 
animals with age and sex matched animal facility reared rats to ensure that possible 
behavioural differences of animals from one birth group did not affect the other birth 
groups. Our rationale comes from experiments demonstrating that C+0 animals show 
abnormal social behaviours.  Specifically during a social encounter test in adolescence 
C+0 animals exhibit normal levels of investigation for the first 10 minutes of the test but 
they lack the subsequent decrease in social investigation seen in VAG control animals  
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which can be interpreted as the expression of enhanced social anxiety (Venerosi, Cutuli, 
Chiarotti & Calamandrei, 2006).   
While several groups have investigated the effects of stress during adulthood 
following similar experimentally induced birth complications (Brake et al., 1997a, 2000) 
to our knowledge only one group has examined the effects of stress during the adolescent 
period.  Juarez et al. (2003) reports that over 5 days of 2hr/day restraint stress C+10 
adolescent rats are more active than adolescent C+0 and VAG controls.  This is at odds 
with our finding that CUAS had no effect on spontaneous locomotor activity during 
adolescence.   
There are several factors that can account for this discrepancy.  Firstly, in our 
experiment locomotor activity was recorded three days after our CUAS protocol ended 
while Juarez et al. (2003) measured locomotor activity immediately following each daily 
stress.  Secondly, our CUAS protocol included physical, psychological and social 
stressors while the Juarez et al. (2003) study only employed restraint stress which is 
purely psychological.  Lastly, the period of anoxia in the Juarez et al. (2003) study was 10 
minutes compared to 15 minutes in our experiment.   
To our knowledge we are the only group to investigate the enduring effects of 
stress during adolescence on adult behaviour in an animal model of experimentally 
induced perinatal anoxia.  Similar to our findings in adolescent animals we found that 
CUAS had no differential effect on spontaneous locomotor activity in adulthood nor did 
CUAS differentially affect the adult locomotor response to SAL or 2.0mg/kg i.p. AMPH 
injection.  Again it is possible that a lower dose of AMPH may have yielded different 
results. 
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In adult animals that were exposed to CUAS, a 15mg/kg i.p. COC injection 
resulted in an equivalent locomotor response in all three birth groups, thereby eliminating 
the differences previously discussed in unstressed animals.  However, ten days after a 
sensitizing regimen only the C+15 animals pre-treated with COC showed a sensitized 
locomotor response to the COC challenge. 
In a similar sensitization experiment using AMPH rather than COC Brake et al. 
(1997b) demonstrate that only C+15 animals show a sensitized response to an AMPH 
challenge following repeated SAL pre-treatment.  While this effect was not observed in 
the present study, our results indicate that C+15 animals that have undergone CUAS are 
more susceptible to COC sensitization.  Previously reported changes in HPA function of 
C+15 animals including increased diurnal basal CORT, blunted CORT response to stress, 
and lowered affinity MR receptors in the hippocampus and hypothalamus (Boksa et al., 
1996) may account for the increased propensity for sensitization following CUAS in 
C+15 animals. 
Normal development is marked by transitions between life stages during which 
there are many changes in behaviour and neurochemistry. Adolescence is also a period 
thought to be uniquely vulnerable to insults such as stress (Andersen, 2003).  There is a 
dramatic increase in GC receptor expression during adolescence compared to adulthood 
suggesting that stress may have an augmented effect throughout this period (Pryce 2008).  
Adolescence is also characterized by a surge of neuronal rearrangements which are 
achieved through a large overproduction of synapses and receptors followed by their 
pruning or experience dependant competitive elimination (Andersen, Rutstein, Benzo, 
Hostetter, & Teicher, 1997).  It is hypothesized that the purpose of the overproduction 
phase is to maximize the information-carrying capacity of the immature brain while the 
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pruning phase simplifies and organizes the system in a regionally specific manner 
allowing for maximal synaptic efficiency (Walker, 1994).  Most of the brain regions that 
continue to mature during adolescence including the prefrontal cortex, hippocampus, 
amygdala, and hypothalamus are particularly sensitive to CORT (Romeo et al., 2006).  
Therefore the introduction of a neuromodulator such as corticosterone CORT during 
either the overproduction or pruning phases characteristic of adolescence could have 
substantial effects on the unique behaviourial and neurochemical profile characteristic of 
normal adolescent development.    
Golgi–Cox staining performed on the brains of adolescent animals subject to 
perinatal insults reveal morphological differences in the dendrites of the PFC, 
hippocampus and NAcc medium spiny neurons suggesting that perinatal anoxia alters 
cortical development (Juárez et al., 2008).  Specifically, during adolescence a lower 
dendritic spine density of PFC neurons was found in C+10 animals and C+0 animals 
when compared to VAG animals.  Similarly greater hippocampal spine densities in C+10 
animals and lower spine densities in C+0 animals than VAG animals were found, as well 
as significantly greater spine densities of NAcc medium spiny neurons in C+10 animals.  
The fact that these morphological differences are present in brain structures that are 
particularly susceptible to insult during adolescence suggest that our CUAS paradigm 
could differentially alter morphological development in each birth conditions resulting in 
behavioural and neurochemical differences at adulthood including the distinct responses 
we see following both acute and repeated COC administration.   
As discussed previously, both AMPH and COC bind to the DAT and prevent 
reuptake of released DA (Ritz, Lamb, Goldberg & Kuhar, 1987).  The birth group and 
stress condition differences we uncovered could be due to differential expression of DAT.  
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C+0 animals express lower basal levels of DAT in the NAcc core though following stress 
both C+0 and C+15 animals express significantly enhanced levels of DAT in the NAcc 
(El-Khodor & Boksa, 2002).  However the differences in DAT levels would not explain 
the dissimilar response to AMPH and COC.    
The birth group differences in response to acute and repeated administration of 
AMPH and COC may result from mechanisms of action distinct to each drug.   To begin 
with the actions of COC are impulse dependant while the actions of AMPH are impulse 
independent (Seiden et al., 1993).  Tzchentke (2001) suggests that COC may have a more 
profound effect on DA in the mPFC than in the NAcc because mesocortical DA neurons 
have a higher basal rate of firing and DA release. Conversely, because the effects of 
AMPH are impulse independent, Tzchentke (2001) proposes that AMPH would have an 
equal effect on both mesocortical and mesolimbic systems.    
Another mechanistic difference between AMPH and COC is that AMPH is 
selective for the DAT while COC has the ability to block both the SER transporter 
(SERT) and the NE transporter (NET), the latter of which can take up both NE and DA 
(Reith et al., 1997).  Therefore DA released following COC administration can no longer 
be taken up by the DAT or the NET while DA released following AMPH administration 
can no longer be taken up by the DAT but can still be taken up by the NET (Tzchentke, 
2001).  This may be of particular importance because there is a significantly greater 
number of NET than DAT in the PFC (Pozzi et al. 1994) and the NET has a more 
prominent role than the DAT when it comes to extracellular DA clearance in the mPFC 
(Mazei et al. 2002) 
Lastly, cell surface expression of DAT is differently affected by AMPH and COC.  
AMPH decreases cell surface expression of DAT (Daws et al., 2002) while COC 
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increases cell surface expression of DAT (Gulley, Doolen & Zahniser, 2002) and  cell 
surface expression predicts of DAT the behavioural action of COC but not AMPH 
(Briegleb et al., 2004).  High responders to COC (HCR) have higher cell surface 
expression of DAT and low responders to COC (LCR) have lower cell surface expression 
of DAT (Briegleb, Gulley, Hoover & Zahniser, 2004).  Interestingly only LCRs but not 
HCRs express locomotor sensitization with repeated COC administration (Sabeti, 
Gerhardt & Zahniser, 2003).  Therefore, if perinatal anoxia or CUAS affect cell surface 
expression of DAT the locomotor response to COC and the propensity to sensitize to 
repeated COC administration could be affected. 
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CONCLUSION 
The results included within this thesis add to a growing body of knowledge 
indicating that both obstetric complications and exposure to stress during the adolescent 
period influence the adult locomotor response to psychostimulants, which is most likely 
mediated by dopaminergic mechanisms.  To our knowledge, the present research is the 
first to examine the influence of adolescent stress subsequent to experimentally induced 
perinatal anoxia on the adult locomotor response to psychostimulants.  It is also the first 
to examine the effect of experimentally induced perinatal anoxia on the adult locomotor 
response to COC in naive and repeatedly injected animals.  Though we did not find the 
expected increases in locomotor response at adulthood following CUAS we did uncover 
an interesting dichotomy between the adult locomotor responses to AMPH and COC 
administration subsequent to perinatal anoxia.  While neither perinatal anoxia nor CUAS 
affected the adult locomotor response to AMPH, naive C+0 animals that were not 
exposed to CUAS and naive C+15 animals that were exposed to CUAS exhibited a 
sensitized response to COC administration.  These results indicate that the C+0 procedure 
alone is sufficient to alter the adult locomotor response to COC and that CUAS may alter 
the developmental trajectory of the DA system in such a way as to sensitize the adult 
locomotor response to COC in C+15 animals.  Since neither of these results were found 
in response to AMPH administration differences in the mechanism of action of these two 
psychostimulants may shed light on the effects of both perinatal anoxia and CUAS on 
mesocorticolimbic DA function at adulthood. 
  
58 
 
REFERENCES 
Abercrombie ED, Keefe KA, DiFrischia DS, Zigmond MJ. (1989). Differential effect of  
stress on in vivo dopamine release in striatum, nucleus accumbens, and medial 
frontal cortex. Journal of Neurochemistry, 52, 1655-8.  
Abi-Dargham A, Rodenhiser J, Printz D, Zea-Ponce Y, Gil R, Kegeles LS, Weiss R,  
Cooper TB, Mann JJ, Van Heertum RL, Gorman JM, Laruelle M. (2000). 
Increased baseline occupancy of D2 receptors by dopamine in schizophrenia. 
Proceedings of the National Academy of Sciences, 97, 8104-9.  
Ahmed SH, Stinus L, Le Moal M, Cador M. (1995). Social deprivation enhances the  
vulnerability of male Wistar rats to stressor- and amphetamine-induced behavioral 
sensitization. Psychopharmacology, 117, 116-24. 
Andersen SL, Rutstein M, Benzo JM, Hostetter JC, Teicher MH. (1997) Sex differences  
in dopamine receptor overproduction and elimination. Neuroreport, 8, 1495-8.  
Andersen SL. (2003). Trajectories of brain development: point of vulnerability or window  
of opportunity?. Neuroscience Biobehavioral Reviews, 27, 3-18.  
Andersen SL, Gazzara RA. (1993). The ontogeny of apomorphine-induced alterations of  
neostriatal dopamine release: effects on spontaneous release. Journal of 
Neurochemistry, 61, 2247-55.  
Andersen SL, Thompson AT, Rutstein M, Hostetter JC, Teicher MH. (2000) Dopamine  
receptor pruning in prefrontal cortex during the periadolescent period in rats. 
Synapse, 37, 167-9.  
Antelman SM, Eichler AJ, Black CA, Kocan D. (1980). Interchangeability of stress and  
amphetamine in sensitization. Science, 207, 329-31. 
Bayer SA, Altman J, Russo RJ, Zhang X. (1993). Timetables of neurogenesis in the  
59 
 
human brain based on experimentally determined patterns in the rat. 
Neurotoxicology, 14, 83-144.  
Beckstead RM, Domesick VB, Nauta WJ. (1979). Efferent connections of the substantia  
nigra and ventral tegmental area in the rat. Brain Research, 175, 191-217. 
Berendse HW, Galis-de Graaf Y, Groenewegen HJ. (1992). Topographical organization  
and relationship with ventral striatal compartments of prefrontal corticostriatal 
projections in the rat. Journal of Comparative Neurology, 316, 314-47.  
Berger-Sweeney J, Hohmann CF. (1997). Behavioral consequences of abnormal cortical  
development: insights into developmental disabilities. Behavioral Brain Research, 
86, 121-42.  
Bjelke B, Andersson K, Ogren SO, Bolme P. (1991) Asphyctic lesion: proliferation of  
tyrosine hydroxylase-immunoreactive nerve cell bodies in the rat substantia nigra 
and functional changes in dopamine neurotransmission. Brain Research, 543, 1-9. 
Boksa P, Krishnamurthy A, Sharma S. (1996). Hippocampal and hypothalamic type I  
corticosteroid receptor affinities are reduced in adult rats born by a caesarean 
procedure with or without an added period of anoxia. Neuroendocrinology, 64, 
25-34.  
Boksa P, Krishnamurthy A, Brooks W. (1995) Effects of a period of asphyxia during  
birth on spatial learning in the rat. Pediatric Research, 37, 489-96.  
Brake WG, Sullivan RM, Gratton A. (2000). Perinatal distress leads to lateralized medial  
prefrontal cortical dopamine hypofunction in adult rats. Journal of Neuroscience, 
20, 5538-43.  
Brake WG, Boksa P, Gratton A. (1997b) Effects of perinatal anoxia on the acute  
 
60 
 
locomotor response to repeated amphetamine administration in adult rats. 
Psychopharmacology, 133, 389-95.  
Brake WG, Noel MB, Boksa P, Gratton A. (1997a). Influence of perinatal factors on the  
nucleus accumbens dopamine response to repeated stress during adulthood: an e
 lectrochemical study in the rat. Neuroscience, 77, 1067-76.  
Breier A, Su TP, Saunders R, Carson RE, Kolachana BS, de Bartolomeis A, Weinberger  
DR, Weisenfeld N, Malhotra AK, Eckelman WC, Pickar D. (1997). Schizophrenia 
is associated with elevated amphetamine-induced synaptic dopamine 
concentrations: evidence from a novel positron emission tomography method. 
Proceedings of the National Academy of Sciences, 94, 2569-74.  
Briegleb SK, Gulley JM, Hoover BR, Zahniser NR. (2004). Individual differences in  
cocaine- and amphetamine-induced activation of male Sprague-Dawley rats: 
contribution of the dopamine transporter. Neuropsychopharmacology, 29, 2168-
79.  
Burke AR, Renner KJ, Forster GL, Watt MJ. (2010). Adolescent social defeat alters  
neural, endocrine and behavioral responses to amphetamine in adult male rats. 
Brain Research, 1352, 147-56.  
Cannon M, Jones PB, Murray RM. (2002). Obstetric complications and schizophrenia:  
historical and meta-analytic review. American Journal of Psychiatry, 159, 1080-
92.  
Carboni E, Imperato A, Perezzani L, Di Chiara G. (1989). Amphetamine, cocaine,  
phencyclidine and nomifensine increase extracellular dopamine concentrations 
preferentially in the nucleus accumbens of freely moving rats. Neuroscience, 28, 
653-61.  
61 
 
Carr DB, O'Donnell P, Card JP, Sesack SR. (1999). Dopamine terminals in the rat  
prefrontal cortex synapse on pyramidal cells that project to the nucleus 
accumbens. Journal of Neuroscience, 19, 11049-60.  
Carr DB, Sesack SR. (2000). Projections from the rat prefrontal cortex to the ventral  
tegmental area: target specificity in the synaptic associations with mesoaccumbens 
and mesocortical neurons. Journal of Neuroscience, 20, 3864-73.  
Clarke PB, Jakubovic A, Fibiger HC. (1988). Anatomical analysis of the involvement of  
mesolimbocortical dopamine in the locomotor stimulant actions of d-amphetamine 
and apomorphine. Psychopharmacology, 96, 511-20.  
Curran C, Byrappa N, McBride A. (2004). Stimulant psychosis: systematic review.  
British Journal of Psychiatry, 185, 196-204. 
Dahlström, A., & Fuxe, K. (1964). Evidence for the existence of monoamine neurons in 
the central nervous system. I. Demonstration of monoamines in the cell bodies of 
brain stem neurons. Acta Physiologica Scandinavia, 232, 1-55 
Daws LC, Callaghan PD, Morón JA, Kahlig KM, Shippenberg TS, Javitch JA, Galli A.  
(2002). Cocaine increases dopamine uptake and cell surface expression of 
dopamine transporters. Biochemical and Biophysical Research Communications, 
290, 1545-50.  
de Medeiros CB, Rees SL, Llinas M, Fleming AS, Crews D. (2010). Deconstructing early  
life experiences: distinguishing the contributions of prenatal and postnatal factors 
to adult male sexual behavior in the rat. Psychological Science, 21, 1494-501.  
Deroche V, Marinelli M, Maccari S, Le Moal M, Simon H, Piazza PV. (1995). Stress- 
62 
 
induced sensitization and glucocorticoids I: Sensitization of dopamine-dependent 
locomotor effects of amphetamine and morphine depends on stress-induced 
corticosterone secretion. Journal of Neuroscience, 15, 7181-8.  
Descarries L, Lemay B, Doucet G, Berger B. (1987). Regional and laminar density of the  
dopamine innervation in adult rat cerebral cortex. Neuroscience, 21, 807-24.  
Deutch AY. (1992). The regulation of subcortical dopamine systems by the prefrontal  
cortex: interactions of central dopamine systems and the pathogenesis of 
schizophrenia. Journal of Neural Transmission, 36, 61-89.  
Deutch AY, Clark WA, Roth RH. (1990). Prefrontal cortical dopamine depletion  
enhances the responsiveness of mesolimbic dopamine neurons to stress. Brain 
Research, 521, 311-5.  
Doherty MD, Gratton A. (1992). High-speed chronoamperometric measurements of  
mesolimbic and nigrostriatal dopamine release associated with repeated daily 
stress. Brain Research, 586, 295-302. 
Doherty MD, Gratton A. (1996). Medial prefrontal cortical D1 receptor modulation of the  
meso-accumbens dopamine response to stress: an electrochemical study in freely-
behaving rats. Brain Research, 715, 86-97.  
Dunn AJ. (1998). Stress-related activation of cerebral dopaminergic systems. Annals of  
the New York Academy of Sciences, 537, 188-205.  
El-Khodor BF, Boksa P. (1998). Birth insult increases amphetamine-induced behavioral  
responses in the adult rat. Neuroscience, 87, 893-904.  
El-Khodor BF, Boksa P. (2000). Transient birth hypoxia increases behavioral responses  
to repeated stress in the adult rat. Behavioral Brain Research, 107, 171-5.  
El-Khodor B, Boksa P. (2001). Caesarean section birth produces long term changes in  
63 
 
dopamine D1 receptors and in stress-induced regulation of D3 and D4 receptors in 
the rat brain. Neuropsychopharmacology, 25, 423-39. 
El-Khodor BF, Boksa P. (2002 )Birth insult and stress interact to alter dopamine  
 
transporter binding in rat brain. Neuroreport, 13, 201-6.  
Emson PC, Koob GF. (1978). The origin and distribution of dopamine-containing  
afferents to the rat frontal cortex. Brain Research, 142, 249-67.  
Farnsworth SJ, Volz TJ, Hanson GR, Fleckenstein AE. (2009). Cocaine alters vesicular  
dopamine sequestration and potassium-stimulated dopamine release: the role of 
D2 receptor activation. Journal of Pharmacology and Experimental Therapeutics, 
328, 807-12.  
Feinberg I. (1982-3). Schizophrenia: caused by a fault in programmed synaptic  
elimination during adolescence? Journal of Psychiatric Research, 17, 319-34.  
Feinberg I. (1990). Cortical pruning and the development of schizophrenia. Schizophrenia  
Bulletin, 16, 567-70.  
Fischer JF, Cho AK. (1979). Chemical release of dopamine from striatal homogenates:  
evidence for an exchange diffusion model. Journal of Pharmacology and 
Experimental Therapeutics, 208, 203-9.  
Frantz KJ, O'Dell LE, Parsons LH. (2007). Behavioral and neurochemical responses to  
cocaine in periadolescent and adult rats. Neuropsychopharmacology, 32, 625-37.  
French SJ, Totterdell S. (2002). Hippocampal and prefrontal cortical inputs  
monosynaptically converge with individual projection neurons of the nucleus 
accumbens. Journal of Comparative Neurology, 446, 151-65.  
Gabbott PL, Warner TA, Jays PR, Salway P, Busby SJ. (2005). Prefrontal cortex in the r 
64 
 
rat: projections to subcortical autonomic, motor, and limbic centers. Journal of 
Comparative Neurology, 492, 145-77. 
Geddes JR, Verdoux H, Takei N, Lawrie SM, Bovet P, Eagles JM, Heun R, McCreadie  
RG, McNeil TF, O'Callaghan E, Stöber G, Willinger U, Murray RM. (1999). 
Schizophrenia and complications of pregnancy and labor: an individual patient 
data meta-analysis. Schizophrenia Bulletin, 25, 413-23.  
Goldstein M, Deutch AY. (1992). Dopaminergic mechanisms in the pathogenesis of  
schizophrenia. FASEB Journal, 6, 2413-21.  
Goldman-Rakic P.  (1992). Dopamine-mediated mechanisms of the prefrontal cortex.  
Seminars in Neuroscience, 4, 149-159. 
Grace AA. (1993). Cortical regulation of subcortical dopamine systems and its possible  
relevance to schizophrenia. Journal of Neural Transmission, 91, 111-34.  
Gulley JM, Doolen S, Zahniser NR. (2002). Brief, repeated exposure to substrates down- 
regulates dopamine transporter function in Xenopus oocytes in vitro and rat dorsal 
striatum in vivo. Journal of Neurochemistry, 83, 400-11.  
Harris JE, Baldessarini RJ. (1973). Uptake of (3H)-catecholamines by homogenates of rat  
corpus striatum and cerebral cortex: effects of amphetamine analogues. 
Neuropharmacology, 12, 669-79.  
Heikkila RE, Orlansky H, Cohen G. (1975). Studies on the distinction between uptake  
inhibition and release of (3H)dopamine in rat brain tissue slices. Biochemical 
Pharmacology, 24, 847-52.  
Hoffman RE, Dobscha SK. (1989). Cortical pruning and the development of  
schizophrenia: a computer model. Schizophrenia Bulletin, 15, 477-90.  
Juárez I, Silva-Gómez AB, Peralta F, Flores G. (2003). Anoxia at birth induced  
65 
 
hyperresponsiveness to amphetamine and stress in postpubertal rats. Brain 
Research, 992, 281-7.  
Juárez I, Gratton A, Flores G. (2008). Ontogeny of altered dendritic morphology in the rat  
prefrontal cortex, hippocampus, and nucleus accumbens following Cesarean 
delivery and birth anoxia. Journal of Comparative Neurology, 507, 1734-47. 
Juárez I, De La Cruz F, Zamudio S, Flores G. (2005). Cesarean plus anoxia at birth  
induces hyperresponsiveness to locomotor activity by dopamine D2 agonist. 
Synapse, 58, 236-42.  
Kabbaj M, Isgor C, Watson SJ, Akil H. (2002). Stress during adolescence alters  
behavioral sensitization to amphetamine. Neuroscience, 113, 395-400.  
Kalivas PW, Duffy P. (1989). Similar effects of daily cocaine and stress on  
mesocorticolimbic dopamine neurotransmission in the rat. Biological Psychiatry, 
25, 913-28. 
Kalivas PW, Duffy P. (1990). Effect of acute and daily cocaine treatment on extracellular  
dopamine in the nucleus accumbens. Synapse, 5, 48-58.  
Kalsbeek A, Voorn P, Buijs RM, Pool CW, Uylings HB. (1988). Development of the  
dopaminergic innervation in the prefrontal cortex of the rat. Journal of 
Comparative Neurology, 269, 58-72.  
Kelly PH, Iversen SD. (1976). Selective 6OHDA-induced destruction of mesolimbic  
dopamine neurons: abolition of psychostimulant-induced locomotor activity in 
rats. European Journal of Pharmacology, 40, 45-56.  
Keshavan MS, Anderson S, Pettegrew JW. (1994). Is schizophrenia due to excessive  
synaptic pruning in the prefrontal cortex? The Feinberg hypothesis revisited. 
Journal of Psychiatric Research, 28, 239-65.  
66 
 
King D, Zigmond MJ, Finlay JM. (1997). Effects of dopamine depletion in the medial  
prefrontal cortex on the stress-induced increase in extracellular dopamine in the 
nucleus accumbens core and shell. Neuroscience, 77, 141-53 
Kolb B. (1984). Functions of the frontal cortex of the rat: a comparative review. Brain  
Research, 320, 65-98. 
Kolb B. (1987). Recovery from early cortical damage in rats I Differential behavioral and  
anatomical effects of frontal lesions at different ages of neural maturation. 
Behavioral Brain Research, 25, 205-20.  
Kolb B, Gibb R, Gorny G. (2000). Cortical plasticity and the development of behavior  
after early frontal cortical injury. Developmental Neuropsychology, 18, 423-44.  
Lacroix L, Broersen LM, Feldon J, Weiner I. (2000). Effects of local infusions of  
dopaminergic drugs into the medial prefrontal cortex of rats on latent inhibition, 
prepulse inhibition and amphetamine induced activity. Behavioral Brain 
Research, 107, 111-21. 
Laviola G, Wood RD, Kuhn C, Francis R, Spear LP. (1995). Cocaine sensitization in  
periadolescent and adult rats. Journal of Pharmacology and Experimental 
Therapeutics, 275, 345-57.  
Lepsch LB, Gonzalo LA, Magro FJ, Delucia R, Scavone C, Planeta CS. (2005). Exposure  
to chronic stress increases the locomotor response to cocaine and the basal levels 
of corticosterone in adolescent rats. Addiction Biology, 10, 251-6.  
Levine Y, Boksa P. (2006). Maternal care is similar for rat pups subjected to birth  
hypoxia and for controls. Neuroreport, 17, 45-9.  
Lewis DA, Levitt P. (2002). Schizophrenia as a disorder of neurodevelopment. Annual   
Review of Neuroscience, 25, 409-32.  
67 
 
Lieberman JA, Kane JM, Alvir J. (1987). Provocative tests with psychostimulant drugs in  
schizophrenia. Psychopharmacology, 91, 415-33. 
Lindström LH, Gefvert O, Hagberg G, Lundberg T, Bergström M, Hartvig P, Långström  
B. (1999). Increased dopamine synthesis rate in medial prefrontal cortex and 
striatum in schizophrenia indicated by L-(beta-11C) DOPA and PET. Biological 
Psychiatry, 46, 681-8.  
Lokwan SJ, Overton PG, Berry MS, Clark D. (1999). Stimulation of the  
pedunculopontine tegmental nucleus in the rat produces burst firing in A9 
dopaminergic neurons. Neuroscience, 92, 245-54.  
Maisonneuve IM, Keller RW, Glick SD. (1990). Similar effects of D-amphetamine and  
cocaine on extracellular dopamine levels in medial prefrontal cortex of rats. Brain 
Research, 535, 221-6. 
Mathews IZ, Mills RG, McCormick CM. (2008). Chronic social stress in adolescence  
influenced both amphetamine conditioned place preference and locomotor 
sensitization. Developmental Psychobiology, 50, 451-9. 
Mazei MS, Pluto CP, Kirkbride B, Pehek EA. (2002). Effects of catecholamine uptake  
blockers in the caudate-putamen and subregions of the medial prefrontal cortex of 
the rat. Brain Research, 936, 58-67. 
McCormick CM, Robarts D, Kopeikina K, Kelsey JE. (2005). Long-lasting, sex- and age- 
specific effects of social stressors on corticosterone responses to restraint and on 
locomotor responses to psychostimulants in rats. Hormones and Behavior, 48, 64-
74.  
McCormick CM, Mathews IZ, Thomas C, Waters P. (2010). Investigations of HPA  
68 
 
function and the enduring consequences of stressors in adolescence in animal 
models. Brain and Cognition, 72, 73-85.  
McNeil TF, Cantor-Graae E, Ismail B. (2000). Obstetric complications and congenital  
malformation in schizophrenia. Brain Research Reviews, 31, 166-78.  
McNeil TF, Cantor-Graae E, Weinberger DR. (2000). Relationship of obstetric  
complications and differences in size of brain structures in monozygotic twin pairs 
discordant for schizophrenia. American Journal of Psychiatry, 157, 203-12 
Michaels CC, Holtzman SG. (2006). Neonatal stress and litter composition alter sucrose  
intake in both rat dam and offspring. Physiology and Behaviour, 89, 735-41.  
Mitchell JB, Gratton A. (1992). Partial dopamine depletion of the prefrontal cortex leads  
to enhanced mesolimbic dopamine release elicited by repeated exposure to 
naturally reinforcing stimuli. Journal of Neuroscience, 12, 3609-18.  
Moghaddam B, Bunney BS. (1989). Differential effect of cocaine on extracellular  
dopamine levels in rat medial prefrontal cortex and nucleus accumbens: 
comparison to amphetamine. Synapse, 4, 156-61.  
Moore CL, Morelli GA. (1979). Mother rats interact differently with male and female  
offspring. Journal of Comparative & Physiological Psychology, 93, 677-84.  
Nikulina EM, Covington HE 3rd, Ganschow L, Hammer RP Jr, Miczek KA. (2004).  
Long-term behavioral and neuronal cross-sensitization to amphetamine induced 
by repeated brief social defeat stress: Fos in the ventral tegmental area and 
amygdala. Neuroscience, 123, 857-65. 
Nomikos GG, Damsma G, Wenkstern D, Fibiger HC. (1990). In vivo characterization of  
locally applied dopamine uptake inhibitors by striatal microdialysis. Synapse, 6, 
106-12. 
69 
 
Parker EM, Cubeddu LX. (1988). Comparative effects of amphetamine,  
phenylethylamine and related drugs on dopamine efflux, dopamine uptake and 
mazindol binding. Journal of Pharmacology and Experimental Therapeutics, 245, 
199-210.  
Piazza PV, Deminiere JM, le Moal M, Simon H. (1990). Stress- and pharmacologically- 
induced behavioral sensitization increases vulnerability to acquisition of 
amphetamine self-administration. Brain Research, 514, 22-6. 
Pignatelli D, Xiao F, Gouveia AM, Ferreira JG, Vinson GP. (2006). Adrenarche in the  
rat. Journal of Endocrinology, 191, 301-8.  
Pozzi L, Invernizzi R, Cervo L, Vallebuona F, Samanin R. (1994). Evidence that  
extracellular of dopamine are regulated by noradrenergic neurons in the frontal 
cortex of rats. Journal of Neurochemistry, 63, 195-200. 
Primus RJ, Kellogg CK. (1989). Pubertal-related changes influence the development of  
environment-related social interaction in the male rat. Developmental 
Psychobiology, 22, 633-43.  
Pryce CR. (2008). Postnatal ontogeny of expression of the corticosteroid receptor genes  
in mammalian brains: inter-species and intra-species differences. Brain Research 
Reviews, 57, 596-605.  
Raiteri M, Cerrito F, Cervoni AM, Levi G. (1979). Dopamine can be released by two  
mechanisms differentially affected by the dopamine transport inhibitor 
nomifensine. Journal of Pharmacology and Experimental Therapeutics, 208, 195-
202.  
Reith ME, Li MY, Yan QS. (1997). Extracellular dopamine, norepinephrine, and  
70 
 
serotonin in the ventral tegmental area and nucleus accumbens of freely moving 
rats during intracerebral dialysis following systemic administration of cocaine and 
other uptake blockers. Psychopharmacology, 134, 309-17. 
Ritz MC, Lamb RJ, Goldberg SR, Kuhar MJ. (1987). Cocaine receptors on dopamine  
transporters are related to self-administration of cocaine. Science, 237, 1219-23.  
Robinson TE, Becker JB. (1986). Enduring changes in brain and behavior produced by  
chronic amphetamine administration: a review and evaluation of animal models of 
amphetamine psychosis. Brain Research, 396, 157-98. 
Romeo RD, Lee SJ, Chhua N, McPherson CR, McEwen BS. (2004). Testosterone cannot  
activate an adult-like stress response in prepubertal male rats. 
Neuroendocrinology, 79, 125-32.   
Romeo RD, Bellani R, Karatsoreos IN, Chhua N, Vernov M, Conrad CD, McEwen BS.  
(2006). Stress history and pubertal development interact to shape hypothalamic-
pituitary-adrenal axis plasticity. Endocrinology, 147, 1664-74.  
Rosso IM, Cannon TD, Huttunen T, Huttunen MO, Lönnqvist J, Gasperoni TL. (2000).  
Obstetric risk factors for early-onset schizophrenia in a Finnish birth cohort. 
American Journal of Psychiatry, 157, 801-7.  
Roth RH, Tam SY, Ida Y, Yang JX, Deutch AY. (1988). Stress and the  
mesocorticolimbic dopamine systems. Annals of the New York Academy of 
Sciences, 537, 138-47.  
Sabeti J, Gerhardt GA, Zahniser NR. (2003). Individual differences in cocaine-induced  
locomotor sensitization in low and high cocaine locomotor-responding rats are 
associated with differential inhibition of dopamine clearance in nucleus 
71 
 
accumbens. Journal of Pharmacology and Experimental Therapeutics, 305, 180-
90.  
Seiden LS, Sabol KE, Ricaurte GA. (1993). Amphetamine: effects on catecholamine  
systems and behavior. Annual  Review of Pharmacology and Toxicology, 33, 639-
77.  
Sesack SR, Deutch AY, Roth RH, Bunney BS. (1989). Topographical organization of the  
efferent projections of the medial prefrontal cortex in the rat: an anterograde tract-
tracing study with Phaseolus vulgaris leucoagglutinin. Journal of Comparative 
Neurology, 290, 213-42.  
Sesack SR, Pickel VM. (1992). Prefrontal cortical efferents in the rat synapse on  
unlabeled neuronal targets of catecholamine terminals in the nucleus accumbens 
septi and on dopamine neurons in the ventral tegmental area. Journal of 
Comparative Neurology, 320, 145-60.  
Silvia CP, King GR, Lee TH, Xue ZY, Caron MG, Ellinwood EH. (1994). Intranigral  
administration of D2 dopamine receptor antisense oligodeoxynucleotides 
establishes a role for nigrostriatal D2 autoreceptors in the motor actions of 
cocaine. Molecular Pharmacology, 46, 51-7.  
Slopsema JS, van der Gugten J, de Bruin JP. (1982). Regional concentrations of  
noradrenaline and dopamine in the frontal cortex of the rat: dopaminergic 
innervation of the prefrontal subareas and lateralization of prefrontal dopamine. 
Brain Research, 250, 197-200.  
Smith CL, Hammond GL. (1991). Ontogeny of corticosteroid-binding globulin  
biosynthesis in the rat. Endocrinology, 128, 983-8.  
Spear LP, Shalaby IA, Brick J. (1980). Chronic administration of haloperidol during  
72 
 
development: behavioral and psychopharmacological effects. 
Psychopharmacology, 70, 47-58.  
Spear LP. (2000). The adolescent brain and age-related behavioral manifestations.  
Neuroscience Biobehavioral Reviews, 24, 417-63.  
Stanwood GD, McElligot S, Lu L, McGonigle P. (1997). Ontogeny of dopamine D3  
receptors in the nucleus accumbens of the rat. Neuroscience Letters, 223, 13-6.  
Steketee JD, Sorg BA, Kalivas PW. (1992). The role of the nucleus accumbens in  
sensitization to drugs of abuse. Progress in Neuro-Psychopharmacology and 
Biological Psychiatry, 16, 237-46. 
Sulzer D, Chen TK, Lau YY, Kristensen H, Rayport S, Ewing A. (1995). Amphetamine  
redistributes dopamine from synaptic vesicles to the cytosol and promotes reverse 
transport. Journal of Neuroscience, 15, 4102-8.   
Sulzer D, Sonders MS, Poulsen NW, Galli A. (2005). Mechanisms of neurotransmitter  
release by amphetamines: a review. Progress in Neurobiology, 75, 406-33. 
Takahata R, Moghaddam B. (2000). Target-specific glutamatergic regulation of dopamine  
neurons in the ventral tegmental area. Journal of Neurochemistry, 75, 1775-8.  
Tarazi FI, Tomasini EC, Baldessarini RJ. (1998). Postnatal development of dopamine D4- 
like receptors in rat forebrain regions: comparison with D2-like receptors. 
Developmental Brain Research, 110, 227-33.  
Tarazi FI, Tomasini EC, Baldessarini RJ. (1998). Postnatal development of dopamine and  
serotonin transporters in rat caudate-putamen and nucleus accumbens septi. 
Neuroscience Letters, 254, 21-4.  
Tarazi FI, Tomasini EC, Baldessarini RJ. (1999). Postnatal development of dopamine D1- 
73 
 
like receptors in rat cortical and striatolimbic brain regions: An autoradiographic 
study. Developmental Neuroscience, 21, 43-9.  
Tarazi FI, Baldessarini RJ. (2000). Comparative postnatal development of dopamine 
D(1), D(2) and D(4) receptors in rat forebrain. International Jounral of 
Developmental Neuroscience, 18, 29-37.  
Teicher MH, Andersen SL, Hostetter JC Jr. (1995). Evidence for dopamine receptor 
pruning between adolescence and adulthood in striatum but not nucleus 
accumbens. Developmental Neuroscience, 89, 167-72.  
Thierry AM, Tassin JP, Blanc G, Glowinski J. (1976). Selective activation of 
mesocortical DA system by stress. Nature, 263, 242-4. 
Tirelli E, Laviola G, Adriani W. (2003). Ontogenesis of behavioral sensitization and 
conditioned place preference induced by psychostimulants in laboratory rodents. 
Neuroscience Biobehavioral Reviews, 27, 163-78.  
Tzschentke TM. (2001). Pharmacology and behavioral pharmacology of the mesocortical  
dopamine system. Progress in Neurobiology, 63, 241-320. 
Venerosi A, Cutuli D, Chiarotti F, Calamandrei G. (2006). C-section birth per se or 
followed by acute global asphyxia altered emotional behaviour in neonate and 
adult rats. Behavioral Brain Research, 168, 56-63.  
Vezina P, Blanc G, Glowinski J, Tassin JP. (1991). Opposed Behavioural Outputs of  
Increased Dopamine Transmission in Prefrontocortical and Subcortical Areas: A 
Role for the Cortical D-1 Dopamine Receptor. European Jounral of Neuroscience, 
3, 1001-1007. 
Walker EF. (1994). Developmentally moderated expressions of the neuropathology  
underlying schizophrenia. Schizophrenia Bulletin, 20, 453-80.  
74 
 
Watt MJ, Burke AR, Renner KJ, Forster GL. (2009). Adolescent male rats exposed to 
social defeat exhibit altered anxiety behavior and limbic monoamines as adults. 
Behavioral Neuroscience, 123, 564-76.  
Weinberger DR. (1987). Implications of normal brain development for the pathogenesis  
 of schizophrenia. Archives of General Psychiatry, 44, 660-9.  
Westerink BH, Tuntler J, Damsma G, Rollema H, de Vries JB. (1987). The use of  
tetrodotoxin for the characterization of drug-enhanced dopamine release in 
conscious rats studied by brain dialysis. Naunyn-Schmiedebergs Archives of 
Pharmacology, 336, 502-7.  
Wilcox RA, Robinson TE, Becker JB. (1996). Enduring enhancement in amphetamine- 
stimulated striatal dopamine release in vitro produced by prior exposure to 
amphetamine or stress in vivo. European Journal of Pharmacology, 124, 375-6. 
Wüllner U, Testa CM, Catania MV, Young AB, Penney JB Jr. (1994). Glutamate  
receptors in striatum and substantia nigra: effects of medial forebrain bundle 
lesions. Brain Research, 645, 98-102. 
Wüllner U, Standaert DG, Testa CM, Landwehrmeyer GB, Catania MV, Penney JB Jr,  
Young AB. (1994). Glutamate receptor expression in rat striatum: effect of 
deafferentation. Brain Research, 647, 209-19. 
 
 
